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Introduction {#sec001}
============

Migration phenomenon allows the distribution of animals across space and time and is basic to understand the ecological and evolutionary processes. Migratory strategies vary between and within species, and a common form of migration is known as partial migration \[[@pone.0181697.ref001]\]. This occurs when just a fraction of individuals from a population migrate while the others remain residents \[[@pone.0181697.ref001],[@pone.0181697.ref002]\]. Partial migration is well documented in fishes, especially in salmonids \[[@pone.0181697.ref002]\], but salmonids exhibit large differences in behaviour between populations of the same species, as well as within populations, and even among siblings \[[@pone.0181697.ref003],[@pone.0181697.ref004]\]. The mechanisms that can explain the mobile behaviour are complex, playing the life-history type an important role on development and behaviour \[[@pone.0181697.ref005]\].

Some salmonids migrate from the sea to the rivers (anadromy) or along the same river (potamodromy) depending on the species and the access to their target \[[@pone.0181697.ref003],[@pone.0181697.ref006]\]. In the case of brown trout, it shows a great plasticity in its migratory behaviour and exhibits different life history tactics \[[@pone.0181697.ref007]\]. For example, inhabiting in temperate coastal streams, or streams connected to larger lakes (lentic environments) generally migrate, while many inland populations do \[[@pone.0181697.ref007]\]. Recent studies using mark-recapture methods and telemetry have shown that most salmonids are relatively sedentary, including the brown trout, with a limited movement associated with spatial competition \[[@pone.0181697.ref008]--[@pone.0181697.ref010]\]. In a population of *S*. *trutta* was shown that a high proportion of trouts remained in the same part of a river reach 800 m length (acting as its home range) during the whole year \[[@pone.0181697.ref008]\]. Upstream movements, around only 100 m, were also reported by Höjesjö et al. \[[@pone.0181697.ref009]\] in *S*. *trutta* in a Swedish river. However, little is known about the pattern of movements in the brown trout of the Mediterranean region, where all the populations are stream-resident. Some data from upper Pyrenean streams \[[@pone.0181697.ref011]\] showed a 60--80% of recaptured fish within 100 m of the sites where were originality marked, and only a 2--6% of individuals with maximum displacement distance over 500 m. Vera et al. \[[@pone.0181697.ref012]\] also working in a Pyrenean river of north-eastern Spain, showed similar conclusions. These results are consistent with the behaviour observed in other rivers \[[@pone.0181697.ref013],[@pone.0181697.ref014]\]. Although stream-resident *S*. *trutta* seems to be mainly sedentary, a small proportion of individuals exhibit a mobile behaviour \[[@pone.0181697.ref011],[@pone.0181697.ref012],[@pone.0181697.ref015]\]. The mechanisms underneath this behaviour can be complex and probably related to the physiology, genetic and ecology of the brown trout.

As a part of a global project that aim to assess a physiological, genetic and ecological approach to understand individual differences in movement behaviour of *S*. *trutta* in Mediterranean streams, in the present study we searched for a metabolomic profile associated with the pattern of movements in *S*. *trutta*. In fishes, metabolomic techniques have mainly used in the effects of chemical exposure, in physiology and development, and also as application in human toxicology or fish as foodstuffs \[[@pone.0181697.ref016]\]. Metabolomics can reflect changes in the physiological process and can determine different profiles depending on behaviour (e.g. in the migration of Sockoye Salmon \[[@pone.0181697.ref017]\]). Therefore, changes in the metabolite concentrations can be key to differentiate individual movement behaviour- the sedentary and the mobile- observed in *S*. *trutta*. Here, a non-targeted metabolomic method was used to find possible changes in the blood metabolomic profile of *S*. *trutta* related to its movement behaviour. On the one hand, plasma metabolites can inform about the energetic status of individuals. On the other hand, the metabolic patterns should be differentiated depending on whether the individual has moved upstream or if, on the contrary, it exhibits a sedentary behaviour. In addition, we evaluated the metabolites associated with movement that can define the upstream phenotype in brown trout from Pyrenean streams. In this sense, the metabolomic profile could differentiate the small percentage of individuals with upstream movements. In fact, movements and migration is considered as one of the most demanding and physiologically challenging phases of salmon life history and represents a complex interplay between physiology and behaviour \[[@pone.0181697.ref018]\].

Material and methods {#sec002}
====================

Ethics statement {#sec003}
----------------

Permissions for electrofishing and capture of *S*. *trutta* individuals, was approved by the competent authorities: Departament de Medi Ambient i Habitatge de la Generalitat de Catalunya (current Departament d\'Agricultura, Ramaderia, Pesca, Alimentació i Medi Natural) (SF/602) of the regional authorities of Catalonia.

Study area {#sec004}
----------

Flamisell River is a small headwater tributary to the Noguera Pallaresa River (Ebro Basin, Catalonia, NE of Iberian Peninsula), which flows from the Pyrenees to the south for 31 km. The study river section was situated from la Plana de Montros (42°23\'08.8\"N, 0°57\'39.8\"E) to 3.5 km upstream. The reach has a mean slope of 53.3 m/km and channel morphologies consist primarily of pool-run-riffle sequences under a forest canopy. The hydrological regime is nival, with minimum flows in summer and winter, and major peaks usually in spring after snowmelt (Ebro Water Authority; <http://www.chebro.es>). Brown trout is the only fish species present and the population belongs to Mediterranean lineage \[[@pone.0181697.ref019]\].

Fish movement estimation {#sec005}
------------------------

A total of 997 brown trout ranging between 80 to 310 mm in fork length (mean 143.2 mm ± 36.0 S.D.) were captured by backpack electrofishing in April of 2013. Fish were anaesthetised with MS-222 (tricaine methanesulfonate) and tagged with HDX PIT tags (Oregon RFID, Portland, OR, USA) before being released at the same point of capture. Locations of PIT-tagged brown trout were determined with a portable PIT tag antenna \[[@pone.0181697.ref020]\]. PIT detection surveys were performed during 7 sampling seasons in 2013 (July, August, September, October, November, December) and 2014 (February). The brown trout population showed overall limited mobility although some individuals exhibit long-range movements. Considering all movement data, the 76.8% of the recorded movements between sampling seasons were less than 20 m, and only 3.6% of the recorded movements were higher than 200 m. The histogram distribution of the distance between the upstream-most and downstream-most position recorded for each individual (i.e. home range) was used to classify fish as sedentary (home range \< 50 m) or mobile (home range \> 50 m). Thus, we considered that sedentary individuals spend most of their lives in short reaches of stream less than 50 m, according to Rodriguez \[[@pone.0181697.ref021]\]. These two groups were subsequently used to test for differences in metabolite concentration.

Sampling method {#sec006}
---------------

During the sampling season of November, blood samples were obtained from 28 trouts captured using electrofishing across the studied river section. This sampling season were selected because is the beginning of the reproductive period in which the individuals could make the largest upstream movements. We also chose a single extraction point to avoid animal suffering and minimize stress to affected individuals. The characteristics of each individual (i.e. home range, sex and fork length) are shown in [Table 1](#pone.0181697.t001){ref-type="table"}. All the fish followed the same blood extraction protocol: 1) individuals were captured using electrofishing and immediately placed into a water tank of 5 L with MS-222 anaesthetic (25 mg/L), 2) after 10 min of anaesthesia, the blood was taken laterally from the caudal vein (50--100 μL) using a heparinized syringe and tubes to prevent clotting, 3) subsequently, blood samples were centrifuged for 5 min (2000 g) to precipitate the red blood cells and the plasma was transferred into a fresh Eppendorf tube and frozen in a liquid nitrogen tank, 4) after blood extraction, individuals were placed in a tank and released in the same site (or section) in which was caught after recovering (10 min approximately). Note that all the manipulations were done in the proximities of the river to maximum avoid the disturbance of the individuals. No damage to the caudal fin was observed to result from the blood sampling. At follow up, individuals appeared undisturbed by this process.

10.1371/journal.pone.0181697.t001

###### Characteristics of the 28 brown trout used in the metabolite analysis.

![](pone.0181697.t001){#pone.0181697.t001g}

  ID       Home range (m)   Fork length (mm)   Sex   Class
  -------- ---------------- ------------------ ----- -------
  ST0925   5                138                f     SE
  ST0619   6                188                f     SE
  ST0017   8                147                f     SE
  ST0057   10               105                m     SE
  ST0676   10               155                m     SE
  ST0683   12               126                f     SE
  ST0582   13               159                m     SE
  ST0070   14               123                m     SE
  ST0915   14               183                f     SE
  ST0018   16               145                f     SE
  ST0036   17               159                m     SE
  ST0544   23               160                m     SE
  ST0979   26               199                f     SE
  ST0876   29               119                m     SE
  ST0799   51               105                m     MO
  ST0916   89               194                m     MO
  ST0062   98               161                f     MO
  ST0538   118              236                f     MO
  ST0740   178              195                m     MO
  ST0836   226              188                f     MO
  ST0204   228              170                m     MO
  ST0896   251              127                m     MO
  ST0856   645              128                f     MO
  ST0820   712              146                f     MO
  ST0702   823              159                m     MO
  ST0512   1102             201                f     MO
  ST0515   1255             165                f     MO
  ST0129   1733             129                m     MO

m = male, f = female, SE = sedentary, MO = mobile

Non-targeted metabolomics {#sec007}
-------------------------

Metabolites were analysed in the 28 individuals using 10 μL of plasma for each sample. Detailed protocol is available on protocol.io (10.17504/protocols.io.h88b9zw). Briefly, after plasma deproteinization using methanol, samples were submitted to liquid chromatography coupled to high resolution mass spectrometry, using a Q-TOF and detecting molecules positively ionized in full-scan electrospray mode from 100--3000 m/z, as indicated in \[[@pone.0181697.ref022]\]. Only common features (found in at least 75% of the samples of the same condition, in this case migration characteristics) were analyzed, correcting for individual bias. Metabolite annotation was performed by using the database PCDL from Agilent (Agilent Technologies), using both accurate masses and retention time identity with the ones present in the database obtained by injecting authentic standards in an identic chromatographic system according to previously published works \[[@pone.0181697.ref022]\].

Statistical analyses {#sec008}
--------------------

The MetaboAnalyst 3.0 \[[@pone.0181697.ref023]\] platform was used to analyse the potential influences of home range, sex and fork length in the metabolomic profile as well as the metabolic pathway impact. We filtered by interquartile range, log transformed metabolite intensity, and autoscaled them before further analyses. To explore the differences patterns of metabolic profiles between the sedentary and mobile trouts, multivariate statistical analysis were used, including principal component analysis (PCA) and partial least-squares discriminant analysis (PLSDA). For univariate statistics (correlation with home range and differentiation between mobile and sedentary individuals), we employed Benjamini-Hochberg correction for false discovery rate (FDR, p \< 0.05), a common practice in non-targeted metabolomics\[[@pone.0181697.ref024]\].

To evaluate the possible association between the identified metabolites and the home range, the molecules with a significant correlation with the home range were selected, using a similar approach (FDR, p \< 0.05). The metabolites with a significant correlation were used to perform an over-representation analysis for pathway mapping. This analysis tests if a selected group of compounds is represented more than expected by chance within the reference compound list (in this case *Danio rerio* reference metabolome)\[[@pone.0181697.ref025]\]. In addition, we used Interactome analyses performed by searching shared metabolites between different pathways (at least 1 metabolite and p \< 0.05, employing Reactome as database and the CPFB platform (<http://cpdb.molgen.mpg.de>), using the same list of enriched metabolites\[[@pone.0181697.ref026]\].

Results {#sec009}
=======

Metabolite analysis detection {#sec010}
-----------------------------

The non-targeted approach allowed to detect 5734 different molecular features in plasma from *S*. *trutta* individuals. Although sex affected the metabolomic profile ([S1 Table](#pone.0181697.s001){ref-type="supplementary-material"}), either false discovery rate correction and/or inclusion of mobile status (2 way ANOVA, differential molecules due to migratory status: 227, due to sex: 0) demonstrated that sex was not a relevant variable in comparison to the mobility pattern. Similarly, size was not a major factor in comparison to the mobility pattern. Fork length showed a low number of metabolites correlated (163 with p \<0.05, 0 corrected for FDR, [S2 Table](#pone.0181697.s002){ref-type="supplementary-material"}), in comparison with home range (see below).

Multivariate analyses showed that 18.6% of variability could be explained by two component model using PCA, with a good clustering of the individuals according to home range classification (sedentary and mobile, [Fig 1A](#pone.0181697.g001){ref-type="fig"}). Indeed, PLSDA showed a similar pattern of classification ([Fig 1B](#pone.0181697.g001){ref-type="fig"}), with a very high accuracy (95.4% for 1 component), suggesting that metabolomic profiles could help to differentiate sedentary from mobile trouts. Reinforcing this concept, hierarchical clustering analyses ([Fig 2](#pone.0181697.g002){ref-type="fig"}), only including the top 25 molecules with a high correlation with home range-differentiated both groups.

![Multivariate analyses show the existence of plasma metabolomic patterns differing between sedentary and mobile individuals.\
Both at a priori model (PCA), shown in A and a posteriori model (Partial least square discriminant model, PLSDA) shown in B demonstrate that plasma metabolomic profiles differ between sedentary and mobile individuals.](pone.0181697.g001){#pone.0181697.g001}

![Heatmap shows significant clustering of individuals depending on movement: Sedentary (class colour red), mobile (class colour green) achieved by using plasma metabolomic profiles.\
The scale from −4 (blue) to 4 (red) represents this normalized abundance in arbitrary Unknown identities are represented as exact mass and retention time.](pone.0181697.g002){#pone.0181697.g002}

Pathway analysis {#sec011}
----------------

Significant correlation between the metabolite concentration and the home range of trout was found in 15 annotated metabolites ([Table 2](#pone.0181697.t002){ref-type="table"}), despite many others, unknown metabolites also correlated (719 with p \< 0.05, 285 corrected for FDR, [S3 Table](#pone.0181697.s003){ref-type="supplementary-material"} for Spearman correlation).

10.1371/journal.pone.0181697.t002

###### Metabolites correlating with home range of trout.

![](pone.0181697.t002){#pone.0181697.t002g}

  **Molecule**                                      **correlation**   **p-value**   **FDR**
  ------------------------------------------------- ----------------- ------------- ---------
  Retinaldehyde                                     -0.954            \<0.001       \<0.001
  2-Octenoic acid                                   -0.939            \<0.001       \<0.001
  Diethyl Oxalpropionate                            0.846             \<0.001       \<0.001
  5b-dihydroprogesterone                            -0.768            \<0.001       \<0.001
  Estrone                                           -0.766            \<0.001       \<0.001
  Cortexolone                                       -0.720            \<0.001       \<0.001
  11a-hydroxyandrost-4-ene-3_17-dione               -0.695            \<0.001       0.001
  16b-Hydroxyestradiol                              -0.683            \<0.001       0.001
  Methyl linolenate                                 -0.672            \<0.001       0.002
  D-Galactose                                       -0.655            \<0.001       0.003
  B-estradiol                                       -0.565            0.002         0.023
  Cortisol 21-acetate                               -0.554            0.002         0.026
  Taurocholic acid                                  -0.554            0.002         0.026
  N-Oleoyl-D-erythro-Sphingosine (C18:1 Ceramide)   -0.521            0.004         0.047
  Phytosphingosine                                  0.516             0.005         0.049

P value after Pearson correlation analyses. FDR: False-discovery corrected p value after Benjamini-Hochberg correction.

These metabolites were used to perform an over-representation analysis for pathway mapping. This analysis test if a selected group of compounds is represented more than expected by chance within the reference compound list (in this case *Danio rerio* reference metabolome). This algorithm identified 6 different pathways ([Table 3](#pone.0181697.t003){ref-type="table"}) with metabolites correlating with home range or movement.

10.1371/journal.pone.0181697.t003

###### Pathways associated with home range.

![](pone.0181697.t003){#pone.0181697.t003g}

  **Pathway affected**                               **Total metabolites in pathway**   **Expected Hits**   **Actual hits**   **p value**
  -------------------------------------------------- ---------------------------------- ------------------- ----------------- -------------
  Retinol metabolism                                 16                                 0.18                2                 0.012
  Steroid hormone biosynthesis                       56                                 0.63                3                 0.022
  Glycosylphosphatidylinositol-anchor biosynthesis   13                                 0.15                1                 0.013
  Sphingolipid metabolism                            21                                 0.24                1                 0.022
  Glycerophospholipid metabolism                     28                                 0.31                1                 0.027
  Purine metabolism                                  66                                 0.74                1                 0.05

Annotated metabolites correlating with home range were mapped against metabolic pathways. P- values shown are those derived from a hypergeometric test.

Interactome analyses ([Fig 3](#pone.0181697.g003){ref-type="fig"}), performed by the CPDB platform, which searches shared metabolites between different pathways (at least 1 metabolite and p\<0.05, using Reactome as pathway database), indicates other nodes, such as *steroid hormones* and *lipid and lipoproteins* having an important role in the differentiation between mobile and sedentary individuals. Further, 4 pathways were related to retinal function.

![Interactomics of metabolites associated with home range.\
Metabolites were mapped to a pathway database (in this case Reactome), and nodes, representing pathways (identified by pathway name in the database), is proportional to the number of metabolites contained in the pathway. Node colour intensity is associated to hypergeometric test accounting number of metabolites associated with home range and those potentially present in the specific pathway (node), while as edge width represent the percentage of shared metabolites between pathways and edge colour indicate the number of metabolites associated with home range.](pone.0181697.g003){#pone.0181697.g003}

Discussion {#sec012}
==========

The study of metabolite profiles may provide a closer link to functional physiological responses \[[@pone.0181697.ref027]\]. Concretely, the plasma metabolites are involved in energy production. For example, the concentration of triglycerides in plasma is a good indicator of bird health and reproductive success \[[@pone.0181697.ref028],[@pone.0181697.ref029]\]. In Salmonids, a similar methodology was successfully used to study the reproductive energy investment in wild population of *Salmo trutta* using plasma metabolite variation \[[@pone.0181697.ref030]\]. In other study, the metabolite profiles in the Pacific salmon (*Onchorhychus nerka*) highly contrasted those at the spawning grounds resulting in two clear groupings \[[@pone.0181697.ref017]\]. In our study, 15 metabolites have been identified and related to the movements of *S*. *trutta*, using a non-targeted metabolomics approach. The metabolite profiles differentiated the individuals according to the home range classification (sedentary and mobile) and showed different level concentrations of some metabolites, which interact in different pathways. Considering that stream-resident *S*. *trutta* in the Flamisell river is mainly sedentary, the small proportion of individuals with mobile behaviour, clearly differentiated by the metabolic profiles, can have a relevant function in the population dynamic.

The variation in metabolomic profiles can generally occur during the upstream movement and probably reflects the changes from the non-mobile season (e.g. for feeding) to mobile season (e.g. reproduction) in the mobile individuals. In other Salmonid species, these changes can reach their peaks toward the end of migration \[[@pone.0181697.ref017],[@pone.0181697.ref031]\]. Therefore, the differentiated metabolomic profiles found in our study, grouped the individuals that have performed a movement, which have been able to undergo physiological changes. In contrast, the sedentary individuals were represented in another group with different metabolomic profile. The different pathways that significantly affected home range allow to understand the physiological condition and changes that trouts can experience from the sedentary to mobile season, in the case of displacement. In addition, the study of each metabolite associated with home range allow to assess the possible particularities of the small percentage of individuals with upstream movements in comparison with those with the typical sedentary behaviour of Mediterranean *S*. *trutta* populations.

The steroid hormone biosynthesis pathway was significantly associated with home range. In vertebrates, steroids can play multiple roles in growth, stress response, reproduction and behaviour. However, the steroid dynamics is poorly understood and the studies are only limited to some aquaculture systems that show that fish manipulation affect cortisol and testosterone concentration in water \[[@pone.0181697.ref032]\]. In our study, the cortisol (Cortexolone and Cortisol 21-acetate) was negatively related to the home range or movement. In a wild population of salmonid, a subordinate individual may be subject to stress as a result of attacks and repeated threats of the most dominant individuals in the population competing for access to different resources (food, sexual activity and dominance of the territory). This social stress leads to a marked behavioural and physiological change in subordinates, who often show a generally less aggressive and locomotory activity, and also higher levels of plasma cortisol \[[@pone.0181697.ref016],[@pone.0181697.ref033]--[@pone.0181697.ref035]\]. According to this argument, in our case, some dominant individuals can play the role of explorers (with upstream movements associated to the low levels of cortisol). However, other works have found elevated levels of cortisol in dominant aggressive fish \[[@pone.0181697.ref016]\]. On other hand, there were not differences in metabolite pattern between sexes. In the case of the cortisol, these results are similar to other studies in *S*. *trutta* \[[@pone.0181697.ref036]\] where the cortisol levels did not change between sexes during the year. A similar pattern was obtained for the estradiol, another steroid hormone that can directly affect energy metabolism \[[@pone.0181697.ref037]\]. Therefore, the change in cortisol and estradiol levels, as in most metabolites, can follow complex patterns linked to the fish behaviour. In fact, the mobile individuals could be also displaced trouts that are forced to move, upstream through the river, to find more suitable areas to improve feeding or reproduction-spawning opportunities. Their low levels of cortisol and estradiol could be derived from the effort after the upstream movement.

In our study, the metabolic pathways associated with home range, include the glycerophospholipid metabolism that could be related to the elevated levels of the stress hormone cortisol. The high levels of cortisol could have characteristic gene expression profiles in liver tissue, including metabolism of energy reserves via gluconeogenesis, glycolysis, and metabolism of amino acids and lipids \[[@pone.0181697.ref038],[@pone.0181697.ref039]\]. On other hand, the pathway of glycosylphosphatidylinositol (GPI)-anchored is related to the nerve growth factor receptor (p75 NTR) and other coreceptors \[[@pone.0181697.ref040]\] that can be related to movement in mammals. But, no data on the functional properties and expression for this pathway have been published in fish \[[@pone.0181697.ref041]\]. In addition, the retinol metabolism pathway was associated with home range, with the retinaldehyde metabolite negatively correlated with movement. The main bioactive metabolites derived from vitamin A (or retinol) have different functions in development and adult physiology \[[@pone.0181697.ref042]\]. In fish, this metabolic pathway could affect growth and survival rate and performance, especially in larvae \[[@pone.0181697.ref043]\]. In addition, this pathway affect brain development, vision and learning and memory, which could be related to the changes between sedentary to mobile season \[[@pone.0181697.ref044]\]. Of note, these metabolites have been recently reviewed as key factors in circadian and seasonal changes, as well as with sleep function\[[@pone.0181697.ref045]\]. Other researchers have focused on the role of retinoids in behaviour and learning\[[@pone.0181697.ref046]\], key aspects in ethology.

Briefly, the results found in the present work reflect the importance of the study of the metabolomic profiles and its changes in order to identified individual behaviour. We acknowledge, as limitations of the present work that, additional studies are needed to investigate the changes in the metabolism of one individual, arising from movement-associated changes in locomotory behaviour. These studies include the determination of the expression pathway key genes or protein to demonstrate which could be the mechanism explaining changes in a given metabolite to ascertain if different expressions depended on behaviour or whether behavioural differences induced selective gene expressions. In another step, metabolite data could be complemented with proteins and transcriptomic data that related to the behaviour, can lead to the identification of multiple physiological biomarkers. Despite this fact, it\'s clear that metabolomic techniques are useful methodology, measuring changes rapidly and sensitively, for pattern-recognition analyses of biological samples. In addition, the minimally invasive sampling scheme presented here allow for the follow up of interesting species for conservation, with minimal risk for individuals, paving the way for scientific evaluation and evaluation of potential biomarkers related with migratory behaviour.
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